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ABSTRACT

The influence of cloud radiative feedback, remote ENSO heat flux forcing, and oceanic
entrainment on persisting North Pacific sea surface temperature (SST) anomalies is investigated
using a stochastically-forced ocean mixed layer model. The stochastic heat flux is estimated from
an atmospheric general circulation model, the seasonally-varying radiative feedback parameter
and remote ENSO forcing are obtained from observations, and entrainment is derived from the
observed mean seasonal cycle of ocean mixed layer depth. Persistence is examined via SST auto-
correlations in the western, central and subtropical eastern North Pacific and for the leading pat-
tern of variability across the basin. The contribution of clouds, ENSO, and entrainment to SST
persistence is evaluated by comparing simulations with and without each term.

The SST autocorrelation structure in the model closely resembles nature: the pattern correla-
tion between the two is 0.87-0.9 in the three regions and for the basin-wide analyses, and 0.35-
0.66 after subtracting an exponential function representing the background damping dueto air-sea
heat fluxes. Positive radiative feedback enhances SST autocorrelations (~0.1-0.3) from late spring
to summer in the central and western Pacific and from late summer through fall in the subtropical
eastern Pacific. The influence of the remote ENSO forcing on SST autocorrelation varies with
season and location with a maximum impact on the correlation magnitude of 0.2-0.3. The winter-
to-winter recurrence of higher autocorrelations is caused by entrainment, which generaly sup-
presses SST variability but returns thermal anomalies sequestered beneath the mixed layer in
summer back to the surface in the following fall/winter. This reemergence mechanism enhances
SST autocorrelation by ~0.3 at lags of 9-12 months from the previous winter in the western and

central Pacific but only slightly enhances autocorrelation (~0.1) in the subtropical eastern Pacific.



The impact of clouds, ENSO and entrainment on the autocorrelation structure of the basin-
wide SST anomaly pattern is similar to that in the western region. ENSO’s impact on the basin-
wide North Pacific SST autocorrelation in an atmospheric general circulation model coupled to an
ocean mixed layer model with observed SST's specified in the tropical Pacific isvery similar to the

results from the stochastic model developed here.



1. Introduction

Extratropical air-sea interactions have the potential to influence many aspects of the climate
system. For example, sea surface temperature (SST) anomalies in the North Pacific are closely
associated with summer precipitation and drought over North America (Barlow et a. 2001). In
turn, the summer subtropical high over the North Pacific, which is strongly influenced by diabatic
heating over the continental U.S. (Hoskins 1996), may feed back on pre-existing SST anomalies
by modul ating marine stratiform clouds and downwelling radiative fluxes at the sea surface (Klein
et al. 1995; Norriset a. 1998, Park et al. 2005). A greater knowledge of the factors that govern the
evolution of extratropical SST anomalies may enhance our understanding and ability to predict
important climate, ecosystem and socio-economic variability.

To first order, the persistence or decay time of midlatitude SST anomalies can be simulated by
amotionless, constant-depth mixed layer ocean model that is forced by rapidly varying (stochas-
tic) atmospheric forcing and linearly damped by heat fluxes back to the atmosphere (Frankignoul
and Hasselmann 1977). In this most basic stochastic model, the damping parameter is constant
over the seasonal cycle and can be estimated by fitting an exponential function to the lagged auto-
correlation of monthly SST anomalies. Severa studies (e.g. Reynolds 1977; Frankignoul and
Reynolds 1983; Frankignoul 1985; Herterich and Hasselmann 1987; Ostrovskii and Piterbarg
1995, 2000) extended the local stochastic forcing model to include advection, horizontal diffusion
and turbulent entrainment of water into the mixed layer. SST persistence is further influenced by
the seasonal cycle of the mixed layer depth (ML D) through itsimpact on the ocean’s thermal iner-
tia and on the rate and the temperature of the water entrained into the mixed layer from below

(Namias et al. 1988; Alexander and Penland 1996; Deser et al. 2003). However, the influence of



severa processes on North Pacific SST persistence over the course of the annual cycle have yet to
be fully explored, including SST-radiation feedback, ENSO-induced surface flux anomalies and
the turbulent entrainment of temperature anomalies into the mixed layer.

Over the North Pacific, the fraction of marine stratiform clouds (MSCs) is greatest during
summer (Klein 1993). MSC and SST variations are strongly coupled on monthly, interannual, and
interdecadal time scales (Weare 1994; Norris and Leovy 1994; Norris 2000; Park and Leovy
2004). MSCs cool the ocean mixed layer in summer by reflecting incoming solar radiation. In
turn, cold SSTs enhance the formation of MSCs by increasing the static stability, which traps
moisture in the boundary layer and lowers the cloud base, thereby increasing the thermal and
moisture coupling between the surface and the cloud layer (Bretherton and Wyant 1997; Park et
al. 2004). This positive ‘SST-MSC’ or “radiative” feedback has been hypothesized to be impor-
tant for summer-to-winter and interannual persistence of North Pacific SST anomalies (Zhang et
al. 1998; Norris et a. 1998). Recently, Park et al. (2005) found that positive radiative feedback
can substantially enhance the persistence of SST anomalies in portions of the North Pacific in
early summer.

ENSO strongly affects the atmospheric circulation and air-sea heat exchanges over the North
Pacific Ocean during winter, when conditions are favorable for poleward planetary wave propaga-
tion from the tropical Pacific (Wallace and Gutzler 1981; Trenberth et al. 1998; Cayan 1992).
These ENSO teleconnections drive changes in ocean basins remote from the equatorial Pacific,
thus the atmosphere can act like a ‘bridge’ between the tropical and North Pacific Ocean (e.g.
Alexander 1992; Lau and Nath 1996; Alexander et al. 2002; Park 2004). Alexander et al. (2004)
and Park and Leovy (2004) aso found remote ENSO teleconnections over the western North

Pacific during summer with meridional shifts of the jet stream, extratropical storm track and low-



level cloud decks, and large amplitude SST anomaliesin the Kuroshio extension region. Since the
persistence of ENSO varies with the seasons (Torrence and Webster 1998), ENSO islikely to have
a complex influence on the persistence of North Pacific SSTs.

The mixed layer depth in the North Pacific Ocean undergoes a large seasonal cycle. During
fall and winter, strong winds and surface cooling increase the MLD via the turbulent entrainment
of water into the mixed layer from below. Asaresult the MLD reaches a maximum depth of ~100
m (250 m) in the eastern (western) North Pecific by February-March. The mixed layer reforms
close to the surface in the following spring due to increased insolation and decreased wind mix-
ing, resulting in minimum MLDs of ~10-30 m in July-August. Some of the thermal anomalies
created in the deep winter mixed layer are sequestered in the statically-stable seasonal ther-
mocline (25-100 m) in summer, while air-sea fluxes strongly damp the concurrent SST anomalies.
The subsurface anomalies are then re-entrained into the surface layer during the following fall and
winter when ocean mixed layer deepens again. Asaresult, winter and spring SST anomalies recur
in the following fall and winter, without persisting through the intervening summer. This pro-
cesses, first observed by Namias and Born (1970, 1974) and termed the ‘ reemergence mechanism’
by Alexander and Deser (1995) occurs over much of the North Pacific Ocean (Alexander et al.
1999), but its timing and strength depends on the month the anomaly was created and the annual
cycle of MLD at that location.

The goal of our study is to understand how cloud radiative feedback, remote ENSO forcing,
and oceanic entrainment contribute to the persistence of monthly SST anomalies in the North
Pacific Ocean. To this end, we employ a stochastically-forced, entraining ocean mixed layer
model used by Deser et al. (2003) but with a more realistic representation of the stochastic forcing

and atmospheric feedback parameters, and the addition of remote ENSO heat flux and Ekman



forcing. The impact of each process on the SST persistence is assessed by comparing autocorrela-
tions of monthly SST anomalies as a function of calendar month and lag in the full model to sim-
ulations in which one of the processes is excluded. In addition, results from the stochastic model
are compared to those from an atmospheric general circulation model (AGCM) that has observed
SSTs specified in the tropical Pacific and is coupled to a mixed layer model (MLM) over the
remainder of the global oceans.

The paper is structured as follows. Section 2 provides a detailed description of the model and
the methods used for estimating the model parameter values and forcing fields. We apply the sto-
chastic model to the central western Pacific region in Section 3, and to the central and subtropical
eastern Pacific regionsin Section 4. The persistence of the dominant pattern of North Pacific SST
anomalies from the stochastic model and from the AGCM-MLM simulations, are examined in

Section 5. The results are summarized and discussed in Section 6.

2. The stochastic ocean mixed layer model with remote ENSO forcing

A stochastically driven ocean mixed layer model, first introduced by Frankignoul and Hassel-
mann (1977), simulates the basic statistical properties of midlatitude SST anomalies reasonably
well (e.g., Frankignoul 1985). Following Deser et al. (2003), the stochastic model used here also
contains a simplified entrainment term estimated from the seasonally varying climatological
MLD in order to include the reemergence mechanism. We further added radiative feedback and
remote ENSO heat flux and Ekman forcing terms, resulting in the following heat budget tendency

equation for the ocean mixed layer:
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where t is time, [ ] the seasonally-varying climatological mean, prime is an anomaly from the
mean, T isthe SST, F the stochastic atmospheric heat flux and Ekman transport forcing, A isthe
feedback parameter for each surface heat flux component (latent heat, LHF; sensible heat, SHF;
shortwave S\, and longwave LW), W, the entrainment rate, T, the temperature of sub-mixed layer
water, fengo the remote ENSO heat flux and Ekman forcing, p the density of sea water (=1025 kg
m'3), and C, the specific heat of sea water at constant pressure (=4000 J kgt K1). We incorpo-

rated aresidual feedback parameter, A, .. to approximate the contribution of other oceanic feed-

res
backs and to compensate for the errors in the model parameter and forcing values. One of the
main simplifying assumptionsin Eq.(1) is that the MLD follows a seasonally-varying climatol og-
ical mean, which neglects several additional ways by which entrainment can impact SSTs (e.g.
Frankignoul 1985 and Alexander et al. 2000). Temperature advection by anomalous Ekman cur-
rentsisincorporated into the stochastic and ENSO forcing but other advective components are not
included.

A key aspect of our approach is that the heat flux feedback parameter and remote ENSO forc-
ing are estimated directly from the observed monthly surface heat fluxes and SST anomalies as a
function of season and location. In the following sections, we will discuss how monthly values of
the individual forcing and feedback terms are estimated on a 5° lat x 5° lon grid. After interpolat-
ing the monthly values to daily values, the stochastic model was integrated with a daily time step
for the nominal period of 1951-2002 (the years with reliable SST observations) using a 3" order

Adams-Bashforth method. The model’s monthly SST anomalies on the 5° lat x 5° lon grid were

analyzed and compared with observations during 1953-2002, since the entrainment forcing is



activated in the 3" year of the simulations.

While the remote ENSO forcing includes realistic long-term variations, the absence of
dynamic ocean processes, such as subduction, Rossby waves and geostrophic advection from the
MLM, limits the model’s ability to simulate low-frequency SST variations. Thus, we focus our
analysis on interannual variations by subtracting the 10-year running average from the monthly

SST anomalies (equivalent to a high-pass filter with a half-power point at 12.5 years).

a. Sochastic forcing

In order to estimate the atmospheric stochastic forcing, feedback of the ocean on the surface
heat fluxes should first be removed. Since the observed surface heat fluxes always contain oceanic
feedback, we estimate the stochastic forcing from a simulation of the Community Atmospheric
Mode (CAM3, the most recent version of the National Center for Atmospheric Research
AGCM), forced by seasonally-varying climatological SSTs. Using the last 10 years of a 15-year
simulation, we calculated the total downward daily surface heat flux anomalies by summing the
latent, sensible, shortwave and longwave fluxes and the implicit Ekman heat transport, where the
latter only includes fluctuations in the wind.

The standard deviation of the surface fluxes are shown for January and July in Figs. la-b,
respectively. In January, the greatest flux variability occurs along a zonal band extending along
~35°N with values exceeding 200 Wm™? west of the dateline. Relatively weak variability occurs
over the northwestern and subtropical eastern Pacific Ocean. The flux variability is substantially
weaker in summer than in winter, but it still exceeds 40 Wm™ over most of the basin.

The stochastic forcing fields are derived by first randomly selecting monthly values (with

replacement), where the months follow the calendar but the year is randomly chosen from the last



10 years of the CAM simulation. For example, a given reconstructed time series could be ordered:
January (Yr 5), February (Yr 2), March (Yr 5),..., December (Yr 8). Thisresampling isrepeated to
form a 52-year time series. Then the consecutive daily fluxes over the North Pacific within each
month of the time series is used to drive the stochastic ocean model. Since the decorrelation time
scale of the surface fluxesis 1-3 days (not shown), this resampling procedure nearly preserves the
persistence, spatial continuity and magnitude of the original flux variability. Daily surface fluxes
obtained from the NCEP/NCAR reanalysis during 1951-2002, that have been high passfiltered (<
~30 days) to partially remove air-sea feedback and remote forcing, produced similar estimates of

the stochastic forcing presented in Fig. 1 (not shown).

b. Heat flux feedback parameters

The heat flux feedback parameter (M) values used in this study are from Park et a. (2005).
They estimated A from the observed monthly anomalies of SST and the surface heat fluxes over
most of the world’s oceans on a 5%l at x 10°%on grid, which has been interpolated to 5°x 5° grid for
this study. Figure 2 shows the turbulent (SHF+LHF; upper), radiative (SW+LW; middle) and net
(lower) heat flux feedback parameters during January (left) and July (right), where positive values
indicate negative feedback on the SST anomalies. The turbulent heat flux feedback damps SST
anomalies (A gy >0) for al seasons with maximum (minimum) damping during winter (sum-
mer) when the mean surface wind is strongest (weakest) and the moistening and warming of the
near-surface air over warm SST anomalies is relatively weak (strong). Areas of strong damping
are located over the far western subtropical Pacific Ocean and north of the Hawaii 1slands during
winter. During spring and summer the radiative feedback is generally positive (Agy. .w<O) in the

midlatitude North Pacific with comparable magnitude to Ag. 4= The positive radiative feedback
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over the central and eastern North Pacific Ocean is mainly dueto strong SW feedback due to vari-
ations in the fraction of MSCs and fog. The net surface heat flux feedback is generally negative
with the strongest (weakest) damping during winter (summer), but regions of weak positive feed-
back occur over the northwestern and northeastern Pacific during summer. A more detailed dis-

cussion of the feedbacksis given in Park et a. (2005).

c. Remote ENSO forcing

The seasonally-dependent remote ENSO forcing is estimated as follows. First, ENSO indices
were obtained from EOF analysis of monthly SST anomalies over the tropical Pacific and Indian
Oceans during 1951-2002. The first 3 modes, which are well separated from the others by the cri-
teria of North et al. (1982) and have mgjor centers of variance along the equator, were chosen to
represent ENSO. The 1% principal component (PC), the time series giving the amplitude and
polarity of the leading EOF, primarily represents the variability associated with the mature phase
of ENSO and is highly correlated with the Nifio 3.4 index. The 2" PC exhibits an increasi ng trend
with decadal variations, somewhat similar to the variability in Deser et al. (2004)’s tropical cli-
mate index, while the 34 PC is similar to the Trans-Nifio index (TNI, Trenberth and Stepaniak,
2001; not shown). Then, the simultaneous seasonal regression anomalies of surface turbulent heat
fluxes and Ekman heat transport on each standardized PCs were estimated using 42-years (1956-
1997) of ship-observed monthly turbulent heat fluxes and 17-years (1984-2000) of satellite-
derived monthly radiative fluxes as described in Park et al. (2005). Although the PCs based on all
months are orthogonal to each other, seasonal subsets of the PCs are not. Thus, to avoid counting
the ENSO-induced forcings by different PCs multiple times, seasonal flux anomalies for a specific

ENSO mode were estimated by regressing the residual monthly heat flux anomalies, which do not
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contain any flux components that simultaneously vary with the other ENSO PCs. However, these
regression anomalies include local feedback effects that are aready parameterized in the stochas-
tic model [Eqg. (1)]. We estimated this local feedback by multiplying the simultaneous ENSO
regression anomalies of SST by the net heat flux feedback (Fig. 2). The direct monthly ENSO

forcing at each grid point was then calculated as follows:

3

f'enso(t) = 5 |:Rk, Ekman * Y (Reit A mk,T):| [E (1) )

K=1
where Ris the regression of flux anomalies on ENSO, k and i are the indices of the ENSO modes
and surface heat flux components, respectively, and E is the standardized ENSO PCs for the
period 1951-2002.

The downward surface heat flux and Ekman transport anomalies associated with the first
ENSO mode, corrected for local feedback effect, are shown in Fig. 3. During January, the remote
ENSO forcing strongly cools the central North Pacific with a maximum amplitude over 30 W m?
at 35°N, 152.5°W. About 2/3 of this cooling is from the turbulent heat fluxes with the remainder
from Ekman transport. Positive anomalies occur in the southwestern and eastern parts of the
domain where the warming in the former exceeds 20 Wm™ and is largely due to the anomalous
turbulent heat fluxes. During July, the ENSO-induced heat fluxes cool the ocean along 37.5°N to
the west of the dateline with a maximum magnitude of ~10 Wm2 (Fig. 3b), consistent with Alex-
ander et al. (2004) and Park and Leovy (2004). About half of this cooling is from SHF+LHF and
the remaining half from SW+LW, in contrast to January when the radiative contribution is negligi-
ble. Although weaker than in winter, the bridge-induced forcing still has a significant influence on
the SST tendency during summer, as the mixed layer is very shallow (about 5-15% of the MLD in

winter) and thus has low thermal inertia.
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d. Oceanic entrainment

In our study, the entrainment rate is defined by the tendency of the seasonally-varying clima-
tological MLD, i.e. [W] = d[MLD]/dt when the mixed layer deepensand [W,] = O whenit
shoals. The MLD is obtained from Monterey and Levitus (1997) based on a potential density cri-
teria. Unredlistic MLD values at afew pointsin the northwest Pacific were replaced using interpo-
lation and the MLD was constrained to be greater than 10 m to prevent the simulated SST
anomalies from becoming unreasonably large.

In Deser et al. (2003), the temperature anomaly of sub-mixed layer water (T,,') at a given
depth within the seasonal thermocline was set to the SST anomaly when the MLD shoaled above
that depth. Here, we also allow T, to evolve according to:

T, (t) = T'(t—At) Cexp(—k CAt) (3)
where At isthe time period that sea water is sequestered in the seasonal thermocline and k is the
effective diffusivity, which roughly represents damping from several processes including eddy
mixing and subduction. Although k is likely to be a function of location, we roughly estimated k
to have a constant value of 108 s by analyzing Deser et al. (2003)’s autocorrel ation maps of sub-

surface temperature anomalies at several locations in the North Pacific.

e. Residual feedback parameter

Even though Eq. (1) incorporates many important physical processes, the amplitude of the
simulated SST anomalies may be unrealistic due to neglected terms (e.g., advection) or errorsin
the model parameters and forcings. The impact of al of the error sources are crudely incorporated

into the model by specifying aresidual feedback parameter, A ... Since the goal of thisstudy isto

res-

simulate the statistical properties of the observed monthly SST anomalies, we estimated A, .. such

res
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that the variance of monthly SST anomaliesis similar to the observed variance at each grid point.
Theresidual feedback over the North Pacificis shownin Fig. 4. The magnitude of A ¢ isgen-
erally lessthan 10 W m™ K1 except for parts of the western North Pacific south of 35°N and the

eastern subtropical Pacific near 27.5°N, 135°W. Since A, is calculated as a time-independent

res
constant, it forces the simulated year-round variance of monthly SST anomalies to be realistic but
not the seasonal variance. The simulated monthly SST variance, however, isfairly redistic, asthe

model-observation pattern correlations range from 0.72 (April) to 0.92 (September) and the per-

centage difference between the two range from 11.3% (February) to 19.5% (August).

3. The Central Western Pacific

In this section we explore the mechanisms responsible for the persistence of monthly SST
anomalies in the central western Pacific region (CWP, 35°N-45°N, 155°E-175°W; see Fig. 3a).
Thisregion was selected asiit is characterized by homogeneous positive radiative feedback during
summer (Fig. 2d), strong remote ENSO forcing both in January and July (Fig. 3), and a large
annual cycle in MLD that is conducive for a strong reemergence signal (Deser et al. 2003). In
addition, the maximum loading of the dominant pattern of North Pacific SST anomaliesis|ocated
inthe CWP region (Fig. 11a).

The annual cycle of the feedback parameters (larger positive values indicate greater damping)
and MLD valuesin the CWP region are shown in Fig. 5a, while the magnitudes of stochastic and
ENSO heat flux forcings are presented in Fig. 5b. The MLD is deepest during March (190 m) and
shallowest during August (11 m), while the maximum and minimum damping occurs in Novem-

ber (26 W m™? K1) and June (-1 W m? K1). Positive radiative feedback (as indicated by A, <
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A utAgy in Fig. 5a) amplifies SST anomalies throughout the year, with the greatest effect during
late spring-early summer. The stochastic forcing amplitude is maximum during winter (~200
Wm™) and minimum during summer (~50 W m). Surface fluxes associated with the ENSO
modes strongly force the ocean in the CWP region during January-March and August-September.
We note that the ENSO-related heat flux forcing in this region is primarily associated with the 1%
mode, except during summer when the magnitude of the first two modes are comparable (not
shown).

Although the magnitude of the ENSO-related forcing is much smaller than the stochastic forc-
ing, the former should still have a strong influence on the SST persistence because the remote
forcing is scaled by the standard deviation of the ENSO PC values which can exceed 3, and more

importantly, the ENSO forcing has much greater persistence than the stochastic forcing.

a. Control simulation and observed autocorrelations

The monthly SST autocorrelations as a function of calendar month and lag from the control
simulation that includes all feedbacks and forcings, and from observations are shown for the CWP
region in Fig. 6. The simulated autocorrelations are based on the ensemble average from a set of
50 simulations, where each ensemble member has the same ENSO forcing for the years 1951-
2002 but different stochastic forcing. For a more robust estimate, the observed SST autocorrela-
tions are based on the average of four different sources: the Comprehensive Ocean-Atmosphere
Data Set (COADS; Woodruff et al. 1987) for 1956-1997, Met Office historical SST data set (Fol-
land and Parker 1995) for 1950-1999, Lamont-Doherty Earth Observatory analysis (Kaplan et al.
1998) for 1953-2002, and Reynolds Reconstructed SST (Reynolds and Smith 1994) for 1950-

1999.
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Overall, the structure of the observed and simulated autocorrelations are very similar: the pat-
tern correlation between Fig. 6a and 6b is close to 0.9 (Table 1). For the initial or reference
months of January-June, the correlations in Fig. 6a,b decrease until fall, increase reaching a max-
imum in February-March, and then decrease again to a minimum in the following September-
October. Thislate winter peak in autocorrelations is the signature of the reemergence mechanism.

The high pattern correlation between observations and the model is partly due to the initial
persistence of SST anomalies resulting from the thermal inertia of the upper ocean described by
Frankignoul and Hasselmann (1977). To remove this basic persistence, we first fit an exponential
function (exp -A.T; where A is a seasonal constant and t the lag) to the SST autocorrelations for
each calendar month using lags of <5 months in both the model and observations. The observed-
simulated pattern correlation is 0.66 when the exponential based on observations is subtracted
from both observations and the model and 0.49 when the observed and modeled exponentials are
subtracted from their respective autocorrelations (Table 1). This degradation occurs because the
initial persistence is too strong over the first few months of the model simulation during winter
(see Figs. 6¢ and 6d).

Lag autocorrelations beginning in April and September and extending over the next 24
months (extended horizontal cross sections through Figs. 6a-b) are presented in Figs. 6¢ and 6d,
respectively. Error bars given by the standard deviation of the autocorrelations obtained from the
50-member ensemble and from the 4 observation data sets are also shown at each lag. The model
is generaly consistent with the observed autocorrelation values considering the uncertainties in
both estimates, except it underestimates the initial decay of the SST anomalies and does not repro-

duce the enhanced correlations at lags of 13-20 months for the reference month of September.
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b. Sensitivity of SST persistence to forcing and feedbacks

We assess the relative contribution of radiative feedback, remote ENSO forcing and entrain-
ment on the persistence of monthly SST anomalies by comparing the control simulation to a
series of sensitivity simulations where one of the processesis excluded but all other model param-
eters and forcings are the same as in the control. The autocorrelations of monthly SST anomalies
from the three sensitivity simulations are indicated as color shading in Figs. 7a-c, while the anom-
alous autocorrelation (Ar ) values, obtained from the control minus the respective sensitivity sim-
ulation, are indicated by black lines.

The radiative feedback generally enhances SST autocorrelations in CWP for al months and
lags with a maximum increase of Ar ~0.15 for lags terminating in August (2-6 month lags for the
reference months of February-June). The change in SST persistence due to f'cy g5 has a some-
what larger amplitude (Ar ~0.25) but a more complex structure than that due to Agy. .. ENSO
forcing decreasesr for lags initiated in January-July and terminating in September, but increasesr
for the reference months of August-October for lags of up to 10 months. An and Wang (2005) aso
found that ENSO enhanced the persistence of North Pacific SST anomalies in summer, although
they found the maximum enhancement occurred in June-July rather than in August-September.
The increase in persistence does not necessarily imply a corresponding increase in SST variabil-
ity: ENSO forcing as well as radiative feedback enhances the interannual variance of SST anoma-
liesfor al months (not shown).

The sensitivity of the SST persistence to the atmospheric bridge will likely depend on the tem-
poral evolution of the remote ENSO forcing. Autocorrelations of f'cy gy in the CWP region are
shown in Fig. 8. Beginning in summer, the persistence of the remote ENSO forcing is very strong

with correlations > 0.4 for lags of up to 8 months. The persistence gradually decreases through
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fall and winter until it reaches a minimum in May, when r~0.1 at 1 month lag. While the short-
term (< ~6 month) persistence is weak in spring, f'cygo exhibits strong negative correlations at
lags of ~14-16 months. This is consistent with the evolution of ENSO itself, which exhibits a
spring persistence barrier and some tendency for ENSO to change states over 1-2 years (e.g. Tor-
rence and Webster 1999). Comparison of Fig. 8 with Fig. 7b indicates that the persistence of
f'enso @nd SST anomalies are related to each other, with the SST autocorrelation lagging the
ENSO forcing by 2-3 months. The main exception occurs for the reference months of May-June
when the ENSO forcing is very weak (see Fig. 5b).

The impact of entrainment on enhancing SST persistence is relatively strong with a maximum
amplitude of Ar ~0.25 (Fig. 7c). The largest positive anomalies occur during the lagged month of
March when the ocean MLD is deepest and thus the full extent of the thermal anomalies created
during the previous winter and spring can be entrained into the mixed layer via the reemergence
mechanism. Entrainment also damps SST anomalies. While entrainment reduces the initial SST
persistence for nearly all reference months, it is especially pronounced for the lagged months of
July-August ( Ar ~-0.45). For the reference months of September-February, the concurrent SST
and T,, anomalies are uncorrelated with each other and thus entrainment dilutes thermal anomalies
in the mixed layer and thus damps SST anomalies [EQ. (1); Frankignoul 1985]. Entrainment also
decreases autocorrelations of April-June SST anomalies at lags of 1-4 months even though the
mixed layer shoals and thus the entrainment forcing is zero by construction in the model. Thisis
due to a significant decrease in the interannual variance of monthly SST anomalies by entrain-
ment (not shown): for the same random atmospheric and ENSO forcing, autocorrelation of SST
anomalies spread over a narrow range decay more rapidly than anomalies spread over a wide

range.
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4. The Central Eastern Pacific and Subtropical Eastern Pacific

In this section, we apply the stochastic model to regions in the central eastern Pacific (CEP,
30°N-40°N, 170°W-145°W, see Fig. 3a) and subtropical eastern Pacific (SEP, 25°N-35°N,
140°W-120°W). We chose these two regions because CEP is strongly influenced by ENSO during
winter (Fig. 3a), while SEP is characterized by strong positive radiative feedback during late sum-
mer and autumn when the MSC fraction reaches a maximum (Klein and Hartmann 1993). The
MLD, feedback parameter, and forcing values are shown for the CEP (SEP) on the left (right)
sides of Fig. 9. Compared to the CWP region, CEP has a reduced annual cycle of MLD and sto-
chastic forcing, stronger positive radiative feedback during late spring and early summer, and
stronger (weaker) ENSO forcing during winter (summer). Relative to the other two regions, SEP
has a weaker annual cycle of MLD and stochastic forcing, negligible ENSO forcing, and stronger
(weaker) positive radiative feedback during August-October (March-June).

The autocorrel ations for observations (top row) and for simulations without radiative feedback
(2nd row), remote ENSO forcing (3rd row), and entrainment (4th row) in the the CEP (left) and
SEP regions (right), are shown respectively in Fig. 10a-h. The pattern correlation between the
observed and simulated autocorrelations in CEP and SEP is ~0.9, which decreases to ~0.4 when
exp -AcT is subtracted from the original autocorrelations (Table 1). Similar to the CWP, simula-
tions tend to overestimate the initial persistence of the SST anomalies and underestimate
reemegence signals. These are speculated to be associated in part with the replacement of unre-
solved error sources by positive residual feedback parameters here. Positive radiative feedback
has a greater impact on SST persistence in CEP (Fig. 10c) than in CWP (Fig. 7a) during spring

and summer, i.e. Ar has a maximum value of ~0.3 for lags that terminate in August, which is
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roughly double the corresponding CWP value. Another positive anomaly center in Fig. 10c occurs
at alag of 4 monthsfor the reference month of August (Ar ~0.2). The radiative feedback islargest
in fall to early winter in SEP, although its impact on SSTsis modest (Fig. 10d, Ar ~0.1). In gen-
eral, f'c\go decreases (increases) SST persistence for the reference months of Feb-Jun (Jul-Dec)
for lags of up to one year. In contrast, 'y gy has anegligible impact on the SST persistence in
SEP. The general pattern of Ar due to entrainment in CEP and SEP are similar to the pattern in

CWP, but systematic differences exist in the timing and strength of the reemergence mechanism.

5. Basin-Wide Analysis

a. Stochastic model

In this section, we examine the persistence of the dominant mode of monthly SST anomalies
in the North Pacific Ocean. A 50-member ensemble of the control and the three sensitivity smula-
tions were performed using the ENSO and stochastic forcing (described in Section 2) for all North
Pacific grid squares during the years 1951-2002. EOF analyses were performed on the ssimulated
monthly SST anomalies on the 5% at x 5°%on grid and compared with observations. The observed
SST autocorrelations shown here are based on the projections of the 4 different sources of
monthly SST anomalies (see Section 3a) on the observed dominant mode obtained from Reynolds
and Smith (1994) over a 50-year period (1950-1999).

The observed and simulated dominant pattern of monthly SST anomalies are shown in Fig.
11. In general, the simulation reproduces the observed leading EOF structure (a pattern correla
tion of 0.9) with similar fractions of variance explained by the leading EOFs (28.8% for the obser-

vation, 22.2% for the simulation). The autocorrelations of the observed and simulated monthly
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SST anomalies projected on the observed dominant mode are shown in Figs. 12a and 12b, respec-
tively (The autocorrelation pattern of the simulated dominant PC is similar to Fig. 12b; not
shown). The simulated autocorrelation pattern of the dominant mode, which resembles the auto-
correlation pattern in the CWP region (Fig. 6b), resembles observations (Table 1).

The total (shading) and anomalous (lines) autocorrelations of the ssmulated PC projected on
the observed dominant mode for the three sensitivity experiments are shown in Fig. 13. The
anomalous SST persistence patterns are similar to those in the CWP region (Fig. 7) inthat Ar is:
a) enhanced by positive radiative feedback centered on the lags terminating in August (Ar ~0.2);
b) reduced by remote ENSO forcing for lags terminating in September (Ar ~ -0.25) but enhanced
in other seasons for lags of up to 1 year (Ar ~0.25); and c) strongly damped by entrainment in
summer (Ar ~ -0.4) and enhanced afterward reaching a maximum in January-February due to the
reemergence mechanism (Ar ~0.3). Asin the loca analysis, achangein SST persistence does not
necessarily mean asimilar change in SST variability, i.e. ENSO forcing enhances SST variability

while entrainment reduces it (not shown).

b. AGCM-MLM simulations

To verify the results from the stochastic simulations, we analyzed output from an AGCM cou-
pled to an ocean mixed layer model (MLM), which provides a more complete representation of
the relevant physical processes including air-sea interaction, ENSO forcing and entrainment. We
make use of an ensemble of 16 Geophysical Fluid Dynamics Laboratory (GFDL) R30 AGCM-
MLM integrations, described by Alexander et al. (2002). Each simulation spans the period 1950-
1999 and consists of observed monthly SSTs prescribed in the eastern tropical Pacific (15°N-

15°S, 172°E-South American coast) and a grid of one-dimensional mixed layer models over the
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remainder of the global oceans. This model configuration incorporates ENSO variability through
the boundary forcing in the tropica Pacific, which is communicated to the global oceans via the
atmospheric bridge. The ocean model simulates mixed layer temperature (=SST), salinity, and
depth, due to air-sea fluxes and entrainment. In contrast to the stochastic simulations, the mixed
layer is not constrained to follow the mean seasonal cycle in the MLM, allowing for variability in
MLD, W,, and T,, to impact SST’ (see Eq. 1, Alexander et al. 2000). There are no currents, how-
ever, or any other communication between grid cells.

The leading pattern of the “total” variability in AGCM-MLM over the North Pacific (Fig. 14a)
is obtained from the first EOF of monthly SST variability where all 16 simulations have been con-
catenated to form an 800-year time series. The dominant pattern of the North Pacific SST variabil-
ity in the AGCM-MLM is similar to both the stochastic simulation and observations, i.e. the
pattern correlation between Fig. 14a and Fig. 11a (11b) is 0.89 (0.76). The fraction of variance
explained by EOF 1 (17.7.%), however, is smaller than in observations (28.8%). The autocorrela-
tion structure of PC 1 obtained from the total SST time series in the AGCM-MLM experiment
(color shading in Fig. 14b), resembles the autocorrelations from observations and the stochastic
model (Fig. 13), although the reemerging anomalies occur at shorter lags and the decay of sum-
mertime SST anomalies occurs more rapidly in the MLM compared to nature.

The ENSO-related SST signal is estimated by first ensemble averaging the monthly anoma-
lies, which greatly reduces the internal variability in the atmosphere-ocean system, before com-
puting the leading EOF over the North Pacific and the “residual” is the obtained from the SST
anomalies with the ensemble mean removed and includes the impact of air-sea interaction and
entrainment on SSTs. ENSO (lines in Fig. 14b) enhances the persistence of North Pacific SST

anomalies especialy from late summer through the following winter, as in the stochastic smula-
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tion (Fig. 13b). The close correspondence between Ar obtained from the stochastic model and the
AGCM-MLM, isindicated by the high pattern correlation (0.75) and low mean absolute differ-

ence (0.06) between the two.

6. Summary and Discussion

We investigated how cloud radiative feedback, remote ENSO forcing, and oceanic entrain-
ment contribute to the persistence of monthly SST anomalies in the North Pacific using a stochas-
tically-forced ocean mixed layer model. The radiative feedback and ENSO forcing were directly
estimated from observations, while the stochastic forcing was derived from an AGCM simulation
with climatological SSTs as boundary conditions: all three forcings are a function of month and
location. The heat flux through the base of the mixed layer depends on the entrainment rate and
temperature anomalies within and below the mixed layer. The entrainment rate, obtained from the
observed climatological ocean MLD, repeats the same annual cycle each year. The anomalous
temperature at a given level within the seasonal thermocline is initially set to the SST anomaly
when the MLD shoals to that level in spring. It is subsequently reduced by weak linear damping
and then re-entrained into the surface layer when the MLD deepens to that level in the following
fall or winter. Finally, neglected physical processes and model biases are crudely represented in
the model by specifying a constant residual feedback parameter that forces the simulated SST
variance to match the observed variance in each 5° x 5° grid square. The contribution of the radia-
tive feedback, ENSO forcing, and entrainment on the high-pass filtered (< 12.5 years) SST auto-
correlations is examined by comparing simulations without each process to the full or control

simulation.
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The model simulates the observed SST autocorrelation structure in the Central Western
Pacific (CWP) region reasonably well. Radiative feedback enhances the persistence of winter-
spring SST anomalies for lags ending in August. ENSO-induced forcing tends to reduce the per-
sistence of winter-spring SST anomalies for lags terminating in September, but it enhances auto-
correlations for the reference period of August-October especialy for lags of 2-9 months. The
sengitivity of SSTs to ENSO forcing depends on the persistence of that forcing. Entrainment
reduces SST persistence for lags ending in July-August and enhances it for lags extending to
March. The latter reflects reemergence of SST anomalies that were stored below the mixed layer
in summer, while the former is a combined result of entrainment diluting the SST anomalies initi-
ated in fall and winter and suppressing SST variability throughout the year.

Similar analyses were performed in the Central Eastern Pacific (CEP) and Subtropical Eastern
Pacific (SEP) regions. In CEP, radiative enhancement of SST persistence is generally similar to
but stronger than in CWP, while in SEP, the maximum radiative enhancement occurs during
August-October at lags of 3-6 months. Remote ENSO forcing can either enhance or reduce SST
persistence in the CEP while it has a negligible impact on persistence in the SEP. The enhance-
ment of SST persistence by the reemergence mechanism is weakest in SEP, while damping is
strongest (weakest) in the CWP (CEP) due partly to the strong (weak) suppression of SST vari-
ability by entrainment.

Finally, we examined the persistence of the dominant pattern of SST variability across the
North Pacific. The impact of radiative feedback, ENSO and entrainment on SST persistence are
generaly similar to those in the CWP, as the maximum loading of the leading EOF of SST is cen-
tered in this region. The winter-to-spring persistence of the dominant mode is slightly enhanced

by remote ENSO forcing but reduced by entrainment with a negligible contribution by radiative
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feedback. However, late spring-to-summer persistence is strongly enhanced by radiative feedback
but reduced by entrainment by a comparable amount. Zhang et a. (1998) found that in spite of
shallow MLD in summer, the summer-to-winter persistence of the dominant mode of North
Pacific SST anomalies is stronger than winter-to-summer persistence, which they attributed to
strong positive radiative feedback during summer in association with marine stratiform clouds
(Norris et a. 1998). While our results show that radiative feedback enhances summer-to-winter
SST persistence as hypothesized by Zhang et al. (1998) and Norris et a. (1998), this effect is
modest (Ar <0.1) and entrainment and remote ENSO forcing have a greater impact on the sum-
mer-to-winter persistence (Ar ~0.15-0.2) than the radiative feedback. However, it should be noted
that the impact of these processes may not be isolated from each other. For example, ENSO can
create SST anomalies during both winter and summer: the former can be stored beneath the mixed
layer in summer and recur in the following winter, while the latter can be enhanced by positive
MSC-SST feedback.

We also examined the autocorrelation structure of the dominant mode of North Pacific SST
anomalies obtained from a AGCM coupled to a variable depth mixed layer ocean model forced by
observed SSTs in the tropical Pacific. The full autocorrelation structure and the influence of
ENSO forcing on this structure was similar to the stochastic simulations and nature. This suggests
that both types of models can provide insight into how various processes influence the evolution
of extratropical SST anomalies.

Several processes not included in the entraining mixed layer model may aso influence extrat-
ropical SST persistence. In addition to its impact on surface fluxes on monthly time scales, ENSO
also affects the strength and location of the North Pacific storm track (e.g. Renwick and Wallace

1996; Compo et al. 2001) and thus will modulate the stochastic forcing - a process that is not
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included here. In addition, entrainment is treated in a highly idealized manner, and does not
include submonthly or interannual fluctuations in the entrainment rate or how processes such as
subduction, Rossby waves or Ekman pumping influence the temperature anomalies in the sea-
sonal thermocline (e.g. Schneider and Miller 2001). For example, subduction and mixing within
the seasonal thermocline can remove anomalies before they can return to the surface layer in the
subsequent winter, while ocean currents can advect temperature anomalies downstream, so that
winter SST anomalies reemerge at another location (de Coétlogon and Frankignoul 2002; Sugim-
oto and Hanawa 2005a,b). Also, it islikely that fluctuations in ocean heat transport have a signifi-
cant impact on SST persistence in portions of the North Pacific such as the Kuroshio region (Qiu
2002). Investigation of the impact of these additional oceanic processes upon SST anomaly per-
sistence in the North Pacific, particularly on time scales longer than a decade, is left to future

work.
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Table 1. The pattern correlation between the observed and simulated autocorrelation structure of
monthly SST anomalies in the three regions and in the basin-wide analyses. Values are given for
the full structure and with an exponential function (exp -A.T) removed, the latter represents the
basic decay of SST anomalies (e.g. see Frankignoul and Hasselmann 1977) and is estimated using
lags of <5 months. The observed exp -AT is always subtracted from the observed autocorrelation

structure, while the observed or simulated exp -A T is subtracted from the model’s structure.

Table 1:
Domain Full Removed Removed
Obsexp(-Act) | Model exp(-AcT)
CWP 0.87 0.66 0.49
CEP 0.88 0.43 0.37
SEP 0.90 0.40 0.35
Basin 0.89 0.60 0.48

33



Figure Captions

Fig. 1. Thetotal standard deviation of the daily net surface heat flux (LHF + SHF + SW + LW) +
Ekman transport anomalies during (a) January and (b) July obtained from 10 years of a CAM3

control simulation. The contour interval is 20 W m and shadi ng indicates values > 100 W m2.

Fig. 2. The heat flux feedback parameters derived from observations (see Park et al. 2005). The
turbulent [LHF+SHF, (@), (b)], radiative [(c), (d)] and net [(e), (f)] feedback values during January
(Ieft) and July (right). The contour interval is 5 W m™? K1 with solid (dashed) lines for positive

(negative) values. Shading indicates values > 20 W m™2 K™,

Fig. 3. Standardized ENSO regression anomalies, corrected for local air-sea feedback, of the total
[net surface heat flux + Ekman; (&), (b)], turbulent [(c), (d)], Ekman [(€), (f)], and radiative heat
fluxes[(g), (h)] into the ocean during January (left, contour interval 5W m™2 with shadi ng for val-
ues> |10 W m2) and July (right, contour interval 2.5 W m?, with shading for values > |5| W m2)
regressed on the 1% PC of SST anomaliesin the tropical Pacific-Indian Oceans. The three regions

discussed in Sections 3 and 4 are also indicated in (a).

Fig. 4. Theresidual feedback parameter. Contour interval is5W m™ K1 with solid (dashed) lines

for positive (negative) values.

Fig. 5. (a) The observed ocean mixed layer depth (MLD, bar) and the net (At = A HE + Ay +

Agy + ALy ; dashed line) and turbulent hest flux feedback (A e + Agye ; solid line) and (b) the



magnitudes of stochastic heat flux forcing (bar) and remote heat flux ENSO forcing (lines) in the
Central Western Pacific region (CWP, 35°N-45°N, 155°E-185°E). The magnitude of remote heat
flux ENSO forcing is defined by A/gir,2 where r is the regression of heat flux anomalies on
ENSO with local heat flux correctionr[siae Eq.(3)], and i isthe ENSO index. A, = —6.5 W m2

KL Note that A > 0 indicates damping and positive radiative feedback isindicated by e < A e

+ A

Fig. 6. Ensemble mean autocorrelation (r) of high-passfiltered (< 12.5 years) monthly SST anom-
alies in CWP as a function of calendar month and lag from (a) observations obtained from the
average of 4 different data sets and (b) 50-member ensemble of the complete stochastic model.
The contour/shading interval is 0.1 and the zero contour is indicated by ared line. Lagged auto-
correlations out to 24 months for the reference months of (c) April and (d) September, where ver-

tical bars indicate one standard deviation of the autocorrelations at each lag.

Fig. 7. Thetotal (shading; interval 0.1) and anomalous (Ar = control simulation - sensitivity simu-
lation, black contours; interval 0.05) autocorrelations of the sensitivity simulations without (a)
radiative feedback, (b) remote ENSO forcing and (c) entrainment in the CWP region. Red lines
indicate zero autocorrelation. All anaylsis are based on high-pass filtered (< 12.5 years) monthly

SST anomalies.

Fig. 8. Autocorrelation structure of the monthly forcing due to ENSO in the CWP region.
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Fig. 9. Asin Fig. 5 but for the Central Eastern Pacific (CEP, 30°N-40°N, 170°W-145°W, |eft) and
the Subtropical Eastern Pacific (SEP, 25°N-35°N, 140°W-120°W, right) regions. The top panels
[(3), (b)] show the observed MLD (bars), and heat flux feedback parameters (lines), and the bot-
tom panels[(c), (d)] show the magnitude of stochastic heat flux forcing (bars) and the remote heat
flux ENSO forcing (lines). A,s = =31 Wm2Ktinthe CEPand Ao = -6.5 Wm?2Kinthe

SEP.

Fig. 10. Same as Figure 7 but the total (shaded) and anomal ous (contours) autocorrelations in the
CEP (left) and SEP (right) regions with the observed autocorrelations in the top panels. All analy-
sis are based on high-pass filtered (< 12.5 years) monthly SST anomalies in the CEP and SEP

regions.

Fig. 11. The (a) observed and (b) simulated dominant pattern of the total (unfiltered) monthly SST
anomalies over the North Pacific. Contour interval is 0.1 K with solid (dotted) lines for positive
(negative) anomalies. The observations were obtained from Reynolds and Smith (1994) for a 50-
year period (1950-1999), while the simulated results are based on a 50-member ensemble for a
52-year period (nominaly 1951-2002). The fraction of variance explained by EOF 1 is 28.8%

(22.2%) for observations (the model). The pattern correlation between (a) and (b) is 0.90.

Fig. 12. Persistence of the (a) observed and (b) ssimulated leading PC 1 of North Pacific SST
anomalies as a function of the reference calendar month and lag as obtained from the high-pass
filtered (< 12.5 years) time series of the projection of the (a) smulated and (b) observed monthly

SST anomalies on the observed leading EOF (Fig.11a).
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Fig. 13. Same as Fig. 7 but for the high-pass filtered (< 12.5 years) time series of the smulated
monthly SST anomalies projected on the observed leading EOF (Fig.11a) for the sensitivity simu-

lations without (a) radiative feedback, (b) ENSO forcing, and (c) entrainment.

Fig. 14. Analysis of 16 50-year simulations of an AGCM that has observed SST's specified in the
tropical Pacific for the period 1950-1999 and is also coupled to a mixed layer model over the rest
of the global oceans. (a) EOF 1 of the “total” unfiltered monthly SST anomalies over the North
Pacific, in which all 16 simulations have been strung together to form one long time series. (b)
The autocorrelations of the corresponding PC of the total variability (shading; interval 0.1) and
the variability due to ENSO (contours; interval 0.05) obtained from PC 1 of the 16-member

ensemble mean. The fraction of variance explained by EOF 1 in (@) is 17.7%.
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